In the U.S. labor maarket, the vacancy-unemployment ratio and unemployment react sluggishly to productivity shocks. We show that the job matching model in its standard form cannot reproduce these patterns due to excessively rapid vacancy responses. Extending the model to incorprate sunk costs for vacancy creation yields highly realistic dynamics. Creation costs induce entrant firms to smooth the adjustment of new openings following a shock, leading the stock of vacancies to react sluggishly. In the U.S. labor market, the vacancy-unemployment ratio and employment react sluggishly to productivity shocks. We show that the job matching model in its standard form cannot reproduce these patterns due to excessively rapid vacancy responses.
Introduction
It is widely recognized that aggregate employment adjusts sluggishly in response to business cycle shocks. This pattern has proven difficult to rationalize, however. In the standard Real Business Cycle model, for example, shocks to total factor productivity are propagated quickly to the labor market, and subsequent employment adjustments exhibit little of the sluggishness seen in the data.
The dynamics of employment can be tied to frictions in the labor market, as manifested in unemployed workers and unfilled job vacancies. The Diamond-Mortensen-Pissarides job matching model has been proposed as a framework for understanding the relationship between employment adjustment and labor market frictions. In an early theoretical analysis of this model, Pissarides (1985) showed that productivity shocks can generate movements in market tightness that qualitatively resemble those shown in Figure 1 . The quantitative performance of the model in accounting for these patterns has yet to be fully assessed, however. This paper attempts to fill this gap by evaluating a standard version of the model in terms of its ability to propagate productivity shocks to market tightness and employment.
In U.S. data, productivity shocks induce distinctive hump-shaped patterns of adjustment in market tightness and employment, with employment lagging market tightness by one quarter. We demonstrate that the calibrated matching model does not reproduce these patterns: in simulated data, the response of market tightness closely mimics the dynamics of productivity, exhibiting none of the sluggishness observed in the empirical data. The employment response builds slightly for one quarter, then dies away quickly in line with productivity. Thus, the matching model does not provide a mechanism for propagating shocks in a realistic manner.
To gain further insight into the mechanics of propagation, we decompose the empirical market tightness responses into separate vacancy and unemployment components. The patterns of adjustment to productivity shocks are quite similar, albeit in opposite direc- tions, with vacancies and unemployment having roughly equal importance in explaining the dynamics of market tightness. The standard matching model cannot reproduce this pattern of sluggish vacancy adjustment, since it treats vacancies as a jump variable that closely tracks market conditions. These findings suggest that the empirical behavior of vacancies might be rationalized by introducing costs that slow their adjustment. To this end, we extend the standard matching model by introducing a sunk cost for creation of new job positions, which rises with the number of positions created. Once created, positions remain active, whether filled or unfilled, until destroyed by obsolescence. This modification transforms vacancies into a predetermined variable, with entrant firms having an incentive to smooth the creation of new positions. Simulated data from the creation cost version of the matching model exhibit more realistic dynamics: productivity shocks lead to hump-shaped responses for both market tightness and employment, resembling those observed in the empirical data.
We conclude that costs of creating new job positions may play a central role in accounting for the observed patterns of employment adjustment. While direct evidence on new job openings is lacking, we are able to construct an indirect measure using data from the Job Opening and Labor Turnover Survey (JOLTS), starting in 2001. The recent business cycle recovery corresponds to a strong upward movement in new openings, leading the upward adjustment of vacancies. Although this evidence is limited, it serves to reinforce our conclusion that costs for creating new job positions, in conjunction with matching frictions, can account for the sluggish labor market adjustment observed in the data.
Labor market dynamics in the matching context have previously been considered by Fujita (2004) , who stresses the inability of the matching model to explain the behavior of gross worker flows and the dynamic correlations of unemployment and vacancies. Fujita studies a version of the matching model in which job matches may separate endogenously, and his results are driven in part by surges of vacancy postings following spikes in job destruction. In Fujita (2003) the matching model with endogenous separation is expanded to incorporate planning lags in vacancy creation along with "mothballing" of unfilled vacancies by firms.
The present paper focuses on a simpler specification in which separation occurs for exogenous reasons only, and it ties the dynamics of market tightness and employment directly to the rapid adjustment of vacancies following productivity shocks. The paper also shows that a simple sunk creation cost specification can yield significant improvements in the model's ability to explain labor market dynamics. In related work, Yashiv (2006) evaluates a version of the matching model in which firms must incur a hiring cost upon matching with workers. Increasing marginal hiring costs are shown to produce a more realistic autocorrelation of vacancies. Propagation of shocks is not considered, however.
Several papers have demonstrated that embedding labor market frictions into the Real Business Cycle model improves the model's ability to propagate shocks. Merz (1995) , Andolfatto (1996), and Den Haan, Ramey, and Watson (2000) , for example, combine the Real Business Cycle model with standard versions of the matching model, while Burnside, Eichenbaum, and Rebelo (1993) , Burnside and Eichenbaum (1996) , and Cogley and Nason (1995) consider other types of frictions. In this paper we establish that the job matching model by itself can provide a realistic propagation mechanism, without resort to the intertemporal substitution mechanism that is central to the Real Business Cycle model.
The paper proceeds as follows. Section 2 lays out a standard version of the job matching model. Empirical evidence and evaluation of the standard model are presented in Section 3. Section 4 considers the role of vacancies in accounting for the poor performance of the standard model. This section also introduces and evaluates a version of the matching model that incorporates creation costs. Section 5 discusses the relationship between our findings and the recent work on amplification of shocks in the matching model, and Section 6 concludes.
Job Matching Model
Model description. We adopt a discrete-time version of the matching model presented in Pissarides (2000, chap. 1) . The model consists of a unit mass of persons who are available for work and an infinite mass of firms. Let u t indicate the number of unemployed workers in period t. Unemployed workers receive a flow payoff of b per period, which may be interpreted as utility from leisure, home production, and unemployment insurance payments. Firms may be either matched with a worker, unmatched and posting a vacancy, or inactive. Let v t denote the number of vacancies posted in period t. Firms that post vacancies must pay a posting cost of c per period.
At the start of each period, matched worker-firm pairs negotiate contracts that divide the period t surplus according to the Nash bargaining solution, where π gives workers' bargaining weight and separation constitutes the threat point. Given that they agree to continue, an output level z t is produced during the period. Let z t evolve according to the following process:
where ε t is normally distributed with mean zero and standard deviation σ. The realized value of z t is observed by all agents in the economy at the start of each period, and potential entrant firms choose whether or not to post vacancies in period t after observing
While production is taking place, unemployed workers and vacancy-posting firms attempt to form matches. The net number of new matches created in period t is given by the matching function m(u t , v t ). We adopt the usual Cobb-Douglas specification with constant returns to scale:
A worker's probability of finding a job in period t is Aθ
gives the probability of filling a vacancy, where θ t = v t /u t indicates market tightness. Finally, matches that produce in the current period separate with probability λ at the end of the period.
Equilibrium. Let S t represent the value of surplus for a match that exists at the start of period t. A worker in the u t pool receives the flow payoff b along with a proportion of the future surplus from any match made in period t. Thus, the expected present value of current and future payoffs for an unemployed worker is given by
where β indicates the discount factor. Similarly, for a firm in the period t matching pool, the expected present value of current and future payoffs is
The value of a match that produces in period t is
and equilibrium surplus is defined by
Plugging (3), (4), and (5) into (6) gives the evolution of the surplus:
Because of free entry into the vacancy pool, V t = 0 must hold for all t, yielding the following equilibrium condition:
Equations (7) and (8) determine equilibrium paths of S t and θ t for a given process z t . The equilibrium law of motion for u t is
The second term on the right-hand side of (9) represents workers who had produced in period t − 1 and separated at the end of the period. The third term represents workers who formed new matches during period t − 1.
Propagation of Shocks
Empirical evidence. The job matching model predicts the behavior of market tightness and employment for a given exogenous productivity process. We evaluate the model using quarterly U.S. data on productivity, vacancies, unemployment, and employment. 2
The empirical productivity series captures exogenous variations in productivity along with variations induced by changes in market tightness and employment. To properly evaluate the matching model, the latter endogenous variations must be purged from the series. We accomplish this in a standard way by estimating the following reduced-form vector autoregression (VAR):
where ln z t , ln θ t and ln e t denote the logs of labor productivity, market tightness and the employment-population ratio, respectively; ε z t , ε θ t and ε e t are the reduced-form residuals From the estimated VAR we may determine the exogenous component of productivity, denoted by ln z t , as follows:
where A 11 (L) is the estimated value of the polynomial in the first row and first column of A(L), and ε z t indicates the fitted residuals from (10). Note that (11) extracts the exogenous component by suppressing the feedbacks from ln θ t and ln e t to ln z t that are associated with the terms A 12 (L) and A 13 (L) of the matrix polynomial.
With the exogenous productivity series in hand, we may assess the cyclical behavior of ln θ t and ln e t by means of the following quasi-VAR system :
where B(0) is the identity matrix; η θ t and η e t are the innovations to ln θ t and ln e t in the above system; and B(L), C(L) and D indicate a polynomial matrix, a polynomial vector and a real vector, respectively. 4 Estimation of (12) yields fitted series ln θ t and ln e t that constitute the predicted values conditional only on the exogenous productivity process.
These conditional series are directly comparable to the equilibrium paths of the matching model.
Impulse response functions to a one-standard-deviation productivity shock, based on the system (12), are depicted in Figure 2 . As seen in the top panel, ln z t jumps by about 0.7 percent as a result of the shock, then returns monotonically to its steady state after oscillating slightly for two quarters. 5 The middle panel shows that ln θ t responds immediately to the shock, jumping up by about 5 percent. Subsequent adjustments follow a hump-shaped pattern, with ln θ t rising rapidly for four quarters and peaking at roughly 12 percent above its steady state value. The variable ln e t , in the bottom panel, does not jump in the period of the shock, but otherwise its response closely mimics that of ln θ t , with a one-quarter lag and a peak of about 0.35 percent above the steady state.
3 The system (10) was estimated with lag lengths of three quarters for each equation. Changing the lag lengths has little effect on the results. 4 In estimating (12), we use lag lengths of three quarters in order to maintain consistency with the previous specification. 5 The estimated impulse response for ln b z t is very close to the one generated by the technology process ln zt = 0.95 ln zt−1 + εt, with σ = 0.007, that is standard in RBC analysis.
This suggests that the adjustment of employment is closely tied to the behavior of market tightness. Figure 3 reports the correlations of ln θ t and ln e t with ln z t at various leads and lags, providing alternative measures of the effects of productivity shocks on market tightness and employment. Observe that market tightness and employment are highly correlated
with lagged values of exogenous productivity, with peak correlations at lags of 0-1 quarters for market tightness and 1-2 quarters for employment.
Overall, the results indicate that productivity shocks are propagated only gradually to the labor market, with market tightness and employment continuing to respond strongly even as the productivity shock dies away. In other words, the adjustments are sluggish.
Calibration. We evaluate the matching model by comparing the estimates obtained using simulated data to the empirical estimates reported above. The model is calibrated at monthly frequency by matching steady state properties of the model to U.S. data.
Parameter choices are summarized in Table 1 .
Consider first the steady state version of (9):
Following Shimer (2005) , we adopt a monthly worker matching probability of Aθ 1−α = 0.45. Including marginally attached workers in the worker search pool gives an adjusted unemployment rate of u = 0.08; see Castillo (1998) . Equation (13) then implies a separation rate of λ = 0.039.
Next consider the parameters of the matching function. Estimates using micro data suggest α = 0.50 as a reasonable estimate of the elasticity parameter; see Petrongolo and Pissarides (2001) . As discussed by Blanchard and Diamond (1989) , vacancies have an average duration of roughly three weeks, and thus the average vacancy filling rate is 0.33 per week. This implies a monthly rate of Aθ −α = 0.90. Combining these estimates yields the value A = 0.636 for the scale parameter.
The monthly discount factor β is chosen to be 0.9967, which implies an annual interest rate of 4 percent. We select the standard value for the worker's bargaining weight, i.e., π = 0.5, given the lack of direct evidence. Based on our estimates from the preceding section, the values ρ = 0.975 and σ = 0.0044 are used to parameterize (1) at monthly frequency. 6
6 Note that empirically identified productivity (11) follows an AR(3) process at quarterly frequency, It remains to specify the parameters b and c. Combining the steady state versions of (7) and (8) gives the following expression:
The parameter choices specified thus far imply the steady state value θ = 0.5. Equation (14) This discrepancy shows up clearly in the cross correlations estimated from the simulated data, depicted in Figure 5 . 7 The contemporaneous correlation between productivity whereas productivity in the model is assumed to follow an AR(1) process. However, as shown in the top panels of Figures 4 and 7 below, the monthly AR(1) process specified for the models closely approximates quarterly empirical data. 7 To compute the summary statistics of the model, we first generate 30,300 periods of simulated monthly data and discard the first 300 periods. We then take quarterly averages to obtain 10,000 periods of data.
and market tightness is nearly perfect, as shown in the upper panel, whereas the empirical value is only about 0.92. Moreover, the simulated cross-correlations fall sharply and symmetrically from their peak at zero lag. This contrasts with the empirical correlations, which are flatter and show a pronounced negative phase shift.
The impulse response of employment, shown in the bottom panel of Figure 4 , exhibits a counterfactually large jump on impact, followed by another large jump in the initial quarter. Subsequent adjustments closely track the path of productivity. Cross correlations of productivity and employment are given in the lower panel of Figure 5 . The model generates very high correlations between employment and productivity at lags of zero and one quarters, while the empirical correlations are lower and have their peaks at lags of one and two quarters. Thus employment responses are too sharp and too rapid.
It follows that the standard matching model generates unrealistic dynamics. Labor market adjustments occur contemporaneously with or immediately following productivity disturbances, displaying little of the sluggishness seen in the data.
Vacancy Dynamics
Empirical evidence. The poor performance of the standard model is tied to the dynamic behavior of vacancies. This can be seen by decomposing the adjustment of market tightness into separate vacancy and unemployment components. For this purpose we estimate the following quasi-VAR:
where ln v t and ln u t represent the logs of vacancies and unemployment, respectively; η v t and η u t are innovations to vacancies and unemployment, respectively; and F (L), G(L) and H(L) indicate a polynomial matrix, a polynomial vector and a real vector, respectively. 8 Let λ o denote the probability that a job position becomes obsolete at the end of a period. For an active worker-firm match, obsolescence means the worker enters the unemployment pool in the following period, whereas the position disappears. Let λ n indicate the probability that an active worker-firm match experiences a non-obsolescence, or "normal," separation at the end of a period. In this case, both the worker and firm enter the matching pools in the following period. The overall separation probability in the
In the extended model, the value of an unemployed worker (3) is given by
Note that this expression is slightly different from the corresponding expression for the standard model (3), as it reflects the possibility that newly formed matches are severed due to job obsolescence. Similarly, (4) and (5), which represent the value of a vacant and filled position, respectively, in the standard model, are replaced by
9 Importantly, marginal creation costs are assumed to be increasing in the total number of positions created. This assumption can be motivated by adjustment costs based on scale or technology, scarcity of profitable opportunities, or limited managerial resources. See the Conclusion for further discussion.
Observe that the expected future value of a vacant job position is affected by the obsolescence probability, while expected future match surplus is further affected by the normal separation probability. Substituting (16), (17), and (18) into the surplus sharing rule (6) yields surplus evolution similar to the standard model (7), with slight modifications due to the distinction between obsolescence and normal separation:
Free entry equates the vacancy value to the creation cost:
Plugging (20) into the continuation value for a vacant job (17) relates new openings n t to expected surplus:
The implied laws of motion for unemployment and vacancies are
Importantly, vacancies become a predetermined variable in the extended model. The existence of a sunk cost for creating job positions means unfilled positions have positive value in equilibrium. This leads firms to repost vacancies following normal separations. As a consequence, the vacancy pool will be affected by the numbers of new positions created in prior periods.
The dynamic paths of the economy are determined by (19) and (21) under the laws of motion for unemployment (22) and vacancies (23), and the exogenous productivity process (1). To compute equilibria of the model, we first linearize the system around the deterministic steady state and then find its unique rational expectation solution.
Calibration. First consider the steady state version of (22):
Additional information is needed to identify the parameters λ o and λ n . For this purpose, we draw on the evidence from the Business Employment Dynamics (BED) program.
According to Faberman (2004) , the quarterly job destruction rate in the private sector averaged around 8 percent over the period 1990 through 2003, meaning that, on average, 92 percent of job positions filled at the start of a quarter remain filled one quarter later.
This suggests the following relationship:
The first three terms in (25) indicate the probability that obsolescence occurs within the quarter. The bracketed term incorporates the various patterns of normal separation and rematching that culminate in an unfilled vacancy at the end of the quarter, given that obsolescence does not occur. Using our earlier measurements of matching and unemployment rates, we solve (24) and (25) to obtain the values λ o = 0.021 and λ n = 0.018.
Next consider the steady state value of n. Our measured worker and firm matching probabilities imply a steady state value θ = 0.50. From this we compute v = θu = 0.04.
The steady state version of (23) is
from which we obtain the value n = 0.024.
Finally, we must choose the parameters b, c, and K. Combining the steady state versions of (19) and (20) results in the following expression: Model evaluation. We repeat the evaluation procedure described above for the cali- This contrasts sharply with the vacancy response for the standard model, shown in Figure 6 , where vacancies jump by over six percentage points on impact and the response dies away quickly. We conclude that the behavior of vacancies is a key factor underlying the improved performance of the creation cost model relative to the standard model.
The impulse responses for unemployment are presented in the bottom panel of Figure   8 . Although the simulated response exhibits an unrealistically small jump on impact, subsequent unemployment dynamics are qualitatively similar to the empirical dynamics.
For the standard model, the jump in unemployment on impact is more realistic, but the subsequent dynamics do not resemble the empirical responses, as may be seen in Figure   6 . 10
In the creation cost model, adjustments in the stock of vacancies are driven by a rich pattern of underlying flows. To evaluate this pattern we decompose the net change in the vacancy stock into separate gross outflows and inflows, using (23):
Observe that the net changes comprise gross outflows due to obsolescence and hires, together with gross inflows due to repostings following normal separations and new openings. 
Our calibration of the model suggests λ o = 0.021 as a reasonable estimate of the monthly vacancy withdrawal rate. We can combine this figure with the JOLTS data to impute an estimate of n t from (28).
Consider the first quarter of 2001, which we view as the most typical within the limited JOLTS sample. For this quarter, the ratio of cumulative hires to end-of-quarter vacancy stock is about 3.5. Our imputed inflow of new openings amounts to 1.5 times the endof-quarter stock. Thus, new openings amount to nearly half of total hires within the quarter. 
Amplification and Propagation
Recent research has considered the amplification of shocks in the context of the job matching model. 12 Attention has focused on the sensitivity of model-generated volatility to the unemployment payoff b. In the absence of other information, our calibration exploits this sensitivity by selecting the value b = 0.90 in order to match the empirical standard deviation of employment. It is of interest, however, to assess the robustness of our propagation results to the selection of this parameter.
To address this issue, we recalibrate the standard and creation cost versions of the matching model under the alternative values b = 0.65 and b = 0.4. Table 2 gives the values of the parameter c that are implied by the free entry condition in the standard model. For the creation cost model, our calibration procedure does not pin down both c and K in these cases, since the model cannot match the empirical volatility of employment under lower values of b. We handle this by fixing the ratio of K to c at the value determined in the original calibration, i.e., K/c = 207.23. Table 3 presents show that the unemployment payoff has no effect on propagation.
Conclusion
The job matching model has become the standard framework for analyzing the business cycle behavior of vacancies, unemployment, and employment. The model has met with considerable empirical success in accounting for the size and variability of these magnitudes, along with the gross flows of jobs and workers. 13 In this paper, however, we demonstrate that the model fails to capture key dynamic properties of labor market ad-13 See, for example, Andolfatto (1996), Den Haan, Ramey, and Watson (2000) , Mortensen (1994) , Mortensen and Pissarides (1994) , Merz (1995 Merz ( , 1999 and Yashiv (2006) .
justment. The sluggish adjustment observed in the empirical data does not emerge from the matching model in its standard form, where the rapid responses of vacancies induce counterfactually sharp adjustments of market tightness and employment.
We extend the matching model by introducing a simple specification of sunk costs for creating new job positions. Creation costs cause entrant firms to smooth vacancy creation over time. This leads to much more realistic dynamics: in simulated data, productivity shocks induce contemporaneous responses and subsequent adjustment patterns that closely mimic those found in the empirical data.
Although the creation cost model performs well in capturing the main features of the empirical dynamics, the magnitudes of the peak responses in the simulated data fall short of the empirical magnitudes. This shows up in the excessively high conditional correlations of market tightness and employment with lags of productivity. Our creation cost specification could be extended to incorporate planning lags that might induce bunching of vacancy creation several quarters after a shock. Such bunching might also occur if established job positions could be "mothballed" following a normal separation; shocks might then lead to reposting of a large number of mothballed vacancies after several quarters.
These ideas, explored in Fujita (2003) , represent important avenues for future research.
A number of further extensions may be of interest. Diseconomies in new job creation, associated with increasing marginal creation costs, could be considered in greater detail.
These may arise from explicit costs of adjustment at the establishment or firm level, limited availability of key capital inputs, or technical constraints associated with R&D activity. Aggregate adjustment may be influenced by entry and exit of establishments.
These factors may introduce important additional sources of propagation, including the possibility of longer-run feedbacks from the labor market to productivity. Relatedly, the assumed equivalence of newly created and preexisting job positions could be modified by incorporating a vintage structure, whereby new jobs enjoy higher productivity. This would permit the endogenous obsolescence of jobs and the turnover of workers to be considered as separate flows within a common framework. 14 Finally, we have ignored the effects of 14 Aghion and Howitt (1994) , Caballero and Hammour (1994) , and Mortensen and Pissarides (1998) , for example, analyze endogenous obsolescence in models that combine embodied technological progress with search/matching frictions. None of those papers distinguish between worker and job turnover. In recent work, Hornstein, Krusell, and Violante (2004) adopt a specification similar to ours for purposes of analyzing the unemployment experiences of the U.S. and Europe. They focus on comparison of steady states, however, rather than cyclical adjustment.
cyclical variation in the relative sizes of the pools of unemployed workers, workers out of the labor force but available for work, and workers out of the labor force and unavailable.
Changes in the characteristics of these pools may, however, represent another important source of longer-run propagation effects. Volatilities of the empirical data are conditional on the productivity process identified by (11). Those of empirical employment and market tightness series are based on the estimated system (12), and those of vacancies and unemployment series are based on the estimated system (15). To compute the summary statistics of the model, we first generate 30,300 periods of simulated monthly data and discard the first 300 periods. We then take quarterly averages to obtain 10,000 periods of data. Parameter values for generating the artificial data from the two models are put together in Table 1  and Table 2 . Cross correlations of the empirical data are conditional on the productivity process identified by (11). Those of empirical employment and market tightness series are based on the estimated system (12), and those of vacancies and unemployment are based on the estimated system (15). To compute the summary statistics of the model, we first generate 30,300 periods of simulated monthly data and discard the first 300 periods. We then take quarterly averages to obtain 10,000 periods of data. Parameter values for generating the artificial data from the two models are put together in Table 1 and  Table 2 . Table 1 . The size of the productivity shock for the model is chosen to match one standard deviation of the productivity shock, empirically identified at quarterly frequency. Table 1 . The size of the productivity shock for the model is chosen to match one standard deviation of the productivity shock that is empirically identified by using the quarterly observations. 
